Abstract-In this research, we develop an ammonia gas sensor using plastic optical fibers. These chemically etched optical fibers were layered with a thin film of carbon nanotubes to enhance the sensing capability of the developed sensor. The sensor was then interrogated with different ratios of gaseous ammonia to synthetic air using a controlled gas testing setup. The developed sensor exhibited high sensitivity of 12/Vol% of ammonia when tested with to various ratios of ammonia to air. The high response and recovery time of the sensor was calculated to be 25 and 23 seconds respectively makes it a promising contender in gas sensing applications.
I. INTRODUCTION
Anhydrous ammonia (NH 3 ) is a colourless inorganic compound made up of nitrogen and hydrogen. Approximately 80% of NH 3 that is produced is used in agriculture as fertilizers [1] . Other uses of NH 3 are in plastic and polymer manufacturing, additives for explosives and pesticides as well as other chemical compounds. It is also present in general household cleaning supplies, corrosion inhibitors and widely used in the processing of paper, metals, rubber, pharmaceutical, food and beverage, textile and leather industries [1] .
Most NH 3 exposure to humans is through inhalation of NH 3 vapours. Generally NH 3 gas is lighter than air and therefore will rise and dissipate in the atmosphere. However, in areas having high humidity such as in tropical countries, the presences of moisture causes anhydrous NH 3 gas to become vapours that are denser and heavier than air. These vapours may then settle over low lying areas that have insufficient air flow risking exposure to humans.
Exposure to NH 3 can cause severe discomfort to humans as it reacts immediately when it comes into contact with skin that is damp, eyes, mouth, respiratory tract, and especially, mucous surfaces, as illustrated in figure 1. When this contact occurs, NH 3 transforms into very caustic chemical matter called ammonium hydroxide. Exposure to ammonium hydroxide causes the necrosis of cells and tissues caused by cell membrane lipids being disrupted [2] . This may lead to premature death of cells in the human body.
Due to the adverse health effects of NH 3 exposure, there has been a great deal of attention towards the research and development of NH 3 sensors over the past few years. These studies include various sensing techniques such as impedance, mass, spectroscopy and optical [3] , [4] . Most of these sensing methods are fairly complicated and have low selectivity in a mixed gas environments. There has been a huge increase in the popularity of optical fiber based sensors as this technique provides distinctive features such as high sensitivity, miniaturization, immunity to electro-magnetic interference and remote and array sensing capability [4] . Optical fiber based chemical sensors integrated with nanomaterial sensing layers have reported high sensitivity and selectivity towards their target analytes based on changes in their physico-chemicalproperties [5] .
Chemical sensors based on cladding etched and tapered silica fibers have been widely reported . These modified fibers are generally extremely fragile and difficult to handle [5] . Reusability and storage are also challenging. Recently, plastic optical fibers (POF) are gaining popularity due to their large core size and simple decladding method. These cladding modified fibers are robust, flexible and able to be reused. The decladded region of the POF allows the evanescent waves of the of the propagating optical signal to spread out of the core and interact with the environment surrounding the optical fiber. Enhancement of the sensing performance can be achieved by the deposition of nanomaterials such as, in this research, carbon nanotubes (CNTs).
CNTs are allotropes of carbon with unique physical and optical properties. These unique properties such as large surface to volume ratio make them especially suitable as a sensing surface in miniaturized sensors, in a wide variety of sensing applications [6] . CNTs have demonstrated an affinity towards the detection of NH 3 due to the chemiabsorbtion properties between the two materials. Most studies report impedance based investigation of NH 3 detection. In this research, we report an optical fiber based sensing of NH 3 gas in room temperature [7] .
II. SENSOR FABRICATION
Multimode plastic optical fibers (POF) with a 980 micron core diameter and 10 micron cladding diameter was purchased from Industrial Fiber Optics Inc., China, were used in this research. A plastic fiber optic stripper is used to remove 3 cm length of the jacket over the POF.
The POF cladding is removed using acetone and washed thoroughly with deionised water. The decladding process and characterization of the decladded fiber are discussed in greater detail in our previous paper [8] . The POF was then dried in an oven at a temperature of 70°C oven for a duration of 60 minutes prepare its' surface for the CNT deposition process.
Multiwalled Carnon Nanotubes (MWCNT) powder was purchased from Hangzhou Glory Chemicals, China. To obtain functionalized CNT, the powder is soaked in nitric acid (HNO 3 ) for 4 hours. This oxidative method is used to introduce carbolic acid groups (COOH) on the surface and also on the tips of the CNTs. This process makes them more receptive towards covalent bonding with other materials. Ultrasonification process is then performed for 1 hour to disperse the CNT in acetone.
2mls of CNT solution with concentration of 0.02 g/ml was deposited over the decladded surface of the POF using the drop cast and dry method. The sensor was the placed in the oven again for another 60 minutes at 70°C. This process to anneal the CNT to the POF. The sensor was then placed in a dry cabinet for at least 8 hours before further investigation.
The fabricated CNT coated sensors were then investigated using SEM to study the morphology of the coating. The image in figure 2 (a) shows the scanning electron microscope (SEM) image of CNT coated fiber with 15000 times magnification. The image show that the surface of the fiber is fully coated with CNTs and the tight fibrous structure of CNT is comparable with other reported studies [9] .
The EDX spectrum of the CNT deposited on a glass substrate is shown in Fig 2 (b) . The spectrum shows only the presence of carbon in the sample. This result agrees with the characteristics of CNT and shows that there is no damage or contamination to the sample. The setup of this optical fiber based ammonia gas sensing investigation is shown in figure 3 . The POF sensor coated with CNT was placed inside a gas chamber that was custom made for this purpose. The sensor is connected using fiber optic connectors to the light source in one end and a spectrophotometer in the other end. The light source used in this research is abroad spectrum light source purchased from Ocean Optics with a wavelength range in the visible region.
A spectrometer, also from Ocean Optics with a detection range from 200nm to 1100nm is used to capture the output from the POF sensor. A signal processing software, Spectra Suite was used to process the signals captured from the spectrometer. These signals include the intensity, absorbance as well as the dynamic response output optical signal from the sensor.
Cylinders of high purity synthetic air and NH 3 gas were procured from Linde, Malaysia-Singapore Pte. Ltd. The ratios of ammonia gas to synthetic air was controlled using a computerized mass flow controller system. The synthetic air to ammonia ratio was adjusted by controlling the volume of NH 3 to synthetic air using valves connected to the gas pipes. In this research, the NH 3 to air ratio started from 0.125% to 0.75% . Fig. 3 . Experimental setup for fiber optic ammonia sensor NH 3 is flowed into the gas chamber starting from the lowest concentration. The intensity and absorbance spectrum is recorded for each concentration of NH 3 gas. The time response of the sensor over a several wavelength ranges were also recorded. After each NH 3 cycle, the chamber is purged with synthetic air until the sensor output recovers to a stable baseline before it is introduced to the next cycle of NH 3 . This is to observe the recovery and stability of the sensor under test.
IV. RESULTS
Investigations of the sensing properties of the CNT coated optical fiber-based sensor were carried out. A reference (or dark) spectrum was initially captured and stored in when the sensor was exposed to synthetic air only. Following this, a second spectrum was captured when the target NH 3 gas flowed into the gas chamber. The stored dark spectrum from the spectrometer was subtracted from sample spectrum to obtain the absorption spectrum contributed solely from NH 3 .
The intensity spectrum of the CNT coated decladded POF sensor is presented in fig. 4 . From the intensity spectrum results, it is observed that the normalized intensity spectrum of of the sensor decreases as the concentration of NH 3 increases. As the concentration of NH3 increases, less light is detected at the output of the spectrometer. These results agree with other reported work on gas sensors [10] . Fig. 4 . Normalized intensity spectrum of the optical sensor when exposed to different concentrations of ammonia gas
The absorbance spectrum of the CNT coated sensor, in fig.5 , shows a corresponding increase in the absorbance levels of the output light signal from the fiber. The increases in absorbance strongly correlate to the increase in ethanol concentrations. This is due to the changes in the absorbance properties of the sensing surface when exposed to NH 3 .
The time response of the optical fiber sensor, captured by the spectrometer, is shown in Fig. 6 . The dynamic time response is acquired by integrating the absorbance values over the wavelengths that show the highest responsively, in this case of 600 -700 nm, where the absorbance spectrum was noticed to have the highest response towards NH 3 . The absorbance levels strongly correlate to the concentration of the NH 3 gas. The response and recovery time of the sensor was observed to be approximately 25 seconds and 23seconds respectively. These results are comparable to the response and recovery times of electrical based transducers reported previously [11] . At the end of each sensing cycle, the sensor recovered to a stable baseline when exposed to synthetic air. The CNT thin film coated over the decladded POF helps to increase the sensitivity of the sensor towards NH 3 gas. The CNT layer acts as a sensitive layer towards the detection of NH 3 . The twisting spiral formation of CNTs provide a large surface to volume for the sensing interaction. The interaction between the CNT layer and the different concentrations of NH 3 changes the optical properties of the sensors surface, resulting in the corresponding responses in the intensity and absorbance spectrum of the developed sensor.
The most noticeable changes in the spectrum is at the 600 to 660 nm region, which agrees with earlier reported work [12] . This can be attributed to the chemi-absorption of the NH 3 on the CNT molecules as illustrated in fig. 7 . CNTs have been reported to have a high affinity for NH 3 . The proposed sensing mechanism of this developed CNT coated sensor can be attributed to two thing. The sensing mechanism of ammonia with CNTs has two parts. The first is the physical adsorption of gas molecules on the CNTs, causing changes to the refractive index of the optical fiber surface, which in turn will cause changes in the amount of light travelling in the fiber. A higher RI will cause more light to escape causing a drop in the intensity of the light detected by the spectrometer. Secondly a charge transfer between adsorbed molecules and CNTs. When NH 3 gas is adsorbed on the CNT walls and sides, the charge transfer from the electron donating NH 3 gas to CNTs alter the surface chemistry of the sensing layer. This also caused changes in the optical properties of the sensing layer where the light travelling in the fiber is absorbed by the surrounding causing changes in the spectrum.
V. CONCLUSION
In this research, a POF sensor with a thin film of CNTs was successfully developed towards NH3 gas detection. The developed sensor demonstrated high sensitivity towards low concentrations of NH 3 from 0.125% to 0.75% in synthetic air, with a sensitivity of approximately 12 AU%/ concentration of NH 3 . Fast response and recovery times of 25 and 23 seconds respectively were also exhibited by the developed sensor. The all optical NH 3 sensor developed in this research has shown great promise in the development of real time environmental monitoring of gasses using optical fibers.
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